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Summary
Regulation of plant height, one of the most important agro-
nomic traits, is the focus of intensive research for improving
crop performance [1]. Stem elongation takes place as a
result of repeated cell divisions and subsequent elongation
of cells produced by apical and intercalary meristems. The
gibberellin (GA) phytohormones have long been known to
control stem and internodal elongation by stimulating the
degradation of nuclear growth-repressing DELLA proteins;
however, the mechanism allowing GA-responsive growth
is only slowly emerging [2]. Here, we show that DELLAs
directly regulate the activity of the plant-specific class I
TCP transcription factor family, key regulators of cell prolif-
eration [3]. Our results demonstrate that class I TCP factors
directly bind the promoters of core cell-cycle genes in Arabi-
dopsis inflorescence shoot apices while DELLAs block TCP
function by binding to their DNA-recognition domain. GAs
antagonize such repression by promoting DELLA destruc-
tion and therefore cause a concomitant accumulation of
TCP factors on promoters of cell-cycle genes. Consistent
with this model, the quadruple mutant tcp8 tcp14 tcp15
tcp22 exhibits severe dwarfismand reduced responsiveness
to GA action. Altogether, we conclude that GA-regulated
DELLA-TCP interactions in inflorescence shoot apex pro-
vide a novel mechanism to control plant height.
Results
Gibberellins (GAs) are key endogenous regulators of plant
growth [2]. Thus, mutant plants impaired in GA biosynthesis
exhibit a dwarf phenotype, while exogenous application of
GAs results in taller plants [4, 5]. GAs promote growth by
opposing the function of the DELLA proteins, a family of nu-
clear growth repressors [6–9]. Upon binding to theGA receptor
GIBBERELLIN INSENSITIVE DWARF 1 (GID1) [10–12], GAs
trigger the specific destruction of the DELLAs through the
ubiquitin-dependent proteasome pathway [13–19]. When GA
levels are low, DELLAs accumulate and directly inactivate
a number of transcription factors, including members of
the basic-helix-loop-helix (bHLH) protein family such as
PHYTOCHROME-INTERACTING FACTOR 3 (PIF3) and PIF4
or ALCATRAZ (ALC) [20–22]. Despite these significant ad-
vances in our understanding of the GA signaling pathway, little*Correspondence: patrick.achard@ibmp-cnrs.unistra.fris known about the mechanism by which GA and/or DELLA
contribute to the regulation of plant height.
Plant stature relies on developmental processes, which
involve the control of cell proliferation and expansion [23]. Dur-
ing periods of growth, the cells of apical meristems of dicoty-
ledonous plants and of intercalarymeristems of grasses divide
and continually add more cells for expansion, providing the
basic structure of the plant body [23, 24]. With the goal of iden-
tifying the molecular mechanism by which GA signaling con-
trols stem elongation, we first determined the expression
levels of Arabidopsis DELLAs in dissected inflorescence
apices (Figure 1A). The Arabidopsis genome encodes five
DELLAs, GAI (GA-INSENSITIVE), RGA (REPRESSOR of GA1-
3), RGL1 (RGA-LIKE1), RGL2, and RGL3, which display
partially redundant but also distinct functions in repressing
GA responses [6, 7, 9, 25–30]. We found that GAI and RGA
were the two most strongly expressed DELLA genes in shoot
apices, consistent with previous findings that GAI and RGA
are the major GA repressors of stem growth [25, 26]. DELLAs
have recently been reported to restrain root meristem growth
via their effects on cell proliferation [31, 32]. However, it re-
mains unclear whether GA and/or DELLA also contribute to
cell proliferation in inflorescence shoot apices. To investigate
this possibility, we monitored how changes in GA and/or
DELLA levels affected the expression of the D box pCYCB1;1:
GUS reporter (marking cells at the G2/M phase of the cell
cycle; [33]) in apical shoots of wild-type, GA-deficient ga1-3
mutant, and gai-t6 rga-24 (lacking both GAI and RGA) mutant
plants. When we analyzed the b-glucuronidase (GUS) pattern
in dissected apices, we observed a striking decrease of
CYCB1-GUS staining in ga1-3 compared to wild-type or gai-
t6 rga-24 mutant (Figure 1B). Accordingly, treatment of ga1-3
with exogenous GA3 restored CYCB1-GUS activity to a nearly
wild-type profile. In contrast, paclobutrazol (PAC; a GA bio-
synthesis inhibitor) reduced CYCB1-GUS activity in wild-type
apices to levels similar to those in ga1-3 but had no effect
on gai-t6 rga-24 apices (Figure 1B). Altogether, these results
demonstrate that GAs regulate cell division in inflorescence
shoot apices via suppression of GAI and RGA function.
DELLAs are nuclear proteins that interact with and inhibit
the activity of key transcription factors to modulate plant
development [2]. By doing so, DELLAs control the expression
of a multitude of genes from distinct pathways. To identify the
partners through which GAI and RGA exert their regulatory
functions in apical shoots, we conducted a yeast two-hybrid
(Y2H) screening of a cDNA library from Arabidopsis inflores-
cence shoot apices, using a N-terminally truncated version
of RGA as bait since the full-length version exhibits strong au-
toactivation activity [20]. Three of the positive clones encoded
TCP14, a member of the TCP (TEOSINTE BRANCHED 1 [TB1],
CYCLOIDEA [CYC], and PROLIFERATING CELL FACTOR
[PCF]) family of transcription factors that play roles in various
aspects of plant development [3]. Further Y2H assays showed
that TCP14 interacted with allArabidopsisDELLAs (Figure 2A).
In Arabidopsis, the TCPs constitute a small gene family of 24
members, which have been subdivided into class I (also known
as the PCF class, to which TCP14 belongs) and class II (also
known as the CYC/TB1 class), based on differences within
Figure 1. GAI and RGA Restrain Cell Division in Inflorescence Shoot Apices
(A) Relative expression levels of GAI, RGA, RGL1, RGL2, and RGL3 in
dissected inflorescence shoot apices of 5-week-old wild-type (Col-0)
plants. Data are means 6 SD of three replicates. Similar results were
obtained in three independent experiments.
(B) Effects of gibberellin (GA) and paclobutrazol (PAC) treatments on the D
box CYCB1;1-GUS cell division marker in dissected apices of wild-type
(Ler), ga1-3, and gai-t6 rga-24 mutant inflorescences. Photographs show
representative dissected apices of 5-week-old plants treated twice one
week after bolting with 100 mM GA3 or 10 mM PAC. Scale bars represent
0.5 mm.
Figure 2. DELLAs Interact with TCP14
(A) Yeast two-hybrid interactions. TCP14 was tested pairwise with the five
Arabidopsis DELLA proteins, GAI, RGA, RGL1, RGL2, and RGL3. Growth
on selective plates lacking leucine, tryptophan, adenine, and histidine
(SD-LWAH) and on control plates lacking only leucine and tryptophan
(SD-LW) is shown. Empty pGBKT7 and pGADT7 vectors were also included
as negative controls. Pictures of the plates were taken after 4 days at 30C.
(B) Left: confocal images showing subcellular localization of RGA-GFP and
TCP14-RFP in transiently transformed Nicotiana benthamiana leaves. The
two fusion proteins colocalize in the nucleus. DIC, differential interference
contrast. Right: fluorescence lifetime analyses in nanoseconds (ns) of
RGA-GFP alone or together with TCP14-RFP, and mean6 SE fluorescence
resonance energy transfer (FRET) value (%) in N. benthamiana agroinfil-
trated leaves. *p% 0.05 by Student’s t test.
(C)Coimmunoprecipitationstudies.Totalproteinextracts fromN.benthamiana
agroinfiltrated leaves with p35S:RGA-GFP and p35S:TCP14-RFP were
immunoprecipitated with anti-GFP antibody. The coimmunoprecipitated
proteins were detected by anti-RFP antibody. Similar results were obtained
in three independent experiments. IP, immunoprecipitated proteins; CoIP,
coimmunoprecipitated proteins.
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each class I TCP protein tested (see Figures S1A and S1B
available online).
To confirm these interactions in living plant cells, we used
fluorescence resonance energy transfer-fluorescence lifetime
(FRET-FLIM) assays in Nicotiana benthamiana leaves. The
FRET phenomenon describes the transfer of energy from an
excited fluorescent donor molecule (GFP) to a fluorescent
acceptormolecule (RFP), if they are in close proximity. Expres-
sion of both RGA-GFP and TCP14-RFP proteins led to areduction of the fluorescence lifetime of GFP of about 10%,
revealing a direct interaction between RGA and TCP14
in the nuclei (Figure 2B). Moreover, coimmunoprecipitation
studies further corroborated this interaction (Figure 2C). Taken
together, these results suggest that DELLAs regulate some
aspects of GA responses through their interaction with class
I TCPs.
To gain more insight into the molecular mechanism underly-
ing this protein-protein interaction, we mapped the domains
engaged in the contact between both RGA and TCP14 using
Y2H assays. Deletion studies revealed that the first heptad
leucine repeat in RGA is the main domain for the interaction
with TCP14, but the C-terminal region may also contribute
Figure 3. DELLAs Decrease the Capacity of
TCP14 to Interact with the Promoter of Cell-Cycle
Target Genes
(A) Schematic representation of CYCA2;3,
CYCB1;1,PCNA2, andRBR1 promoters, including
potential TCP14bindingsites, indicateda,b, andc.
(B) EMSA studies using oligonucleotides encom-
passing potential TCP14 binding sites in
pCYCA2;3, pCYCB1;1, pPCNA2, and pRBR1 pro-
motersand recombinantTCP14andRGAproteins.
32P-radiolabeled oligonucleotides were incubated
with TCP14aloneor togetherwithRGA (a1:3 ratio),
and the free and bound probes were separated in
an acrylamide gel. Similar results were obtained
in two independent experiments.
(C) Fold enrichment of indicated pCYCB1;1 and
pCYCA2;3 promoter fragments and the cCYCB1;1
coding region fragment. Chromatin of inflores-
cences of transgenic plants expressing TCP14-
GFP (pTCP14:TCP14-GFP) treated with 100 mM
GA3 (GA) or 50 mM PAC was subjected to ChIP
with anti-GFP antibodies followed by qPCR. Data
representmeans6SDof triplicatedeterminations.
The experiment was repeated twicewith two tech-
nical replicates. *p% 0.05 for PAC-treated plants
versus GA-treated plants by Student’s t test.
(D and E) Quantification of RGA and TCP14-GFP
in nuclear extracts (D) or immunoprecipitated
fractions (E) of inflorescences of 6-week-old
pTCP14:TCP14-GFP plants treated with 100 mM
GA3 (GA) or 50 mM PAC, using anti-RGA and
anti-GFP antibodies, respectively.
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mains of TCP14, including the TCP DNA-binding domain [34],
are responsible for interaction of TCP14with RGA (Figures S1E
andS1F). Of note, the TCPdomain is predicted to form a basic-
helix-loop-helix structure similar to that of bHLH transcription
factors [35]. The fact that DELLAs interfere with the DNA-bind-
ing activity of PIF3 and PIF4 via interaction with their bHLH
domain [20, 21] raises the possibility that RGA regulates
TCP14 activity in a similar manner.
Class I TCP factors have been implicated in the stimulation
of cell proliferation, as first highlighted for two rice proteins
from this class (PCF1 and PCF2) that bind to GGNCCCAC
elements required for expression of the PROLIFERATING
CELL NUCLEAR ANTIGEN (PCNA) gene [36]. Since then, class
I TCPs have been shown to interact with promoters of various
cell-cycle genes such as the cyclins CYCA2;3 and CYCB1;1,
PCNA2, and RETINOBLASTOMA-RELATED 1 (RBR1) [37–
40]. To investigate whether DELLAs block the DNA-binding
activity of class I TCP factors, we carried out electrophoretic
mobility shift assay (EMSA) experiments using recombinant
TCP14 and RGA proteins (Figure 3; Figure S2A). As expected,
TCP14 was able to interact with the class I TCP-binding
sequence GTGGGCCCAC [34], but strikingly, the presence of
RGA abolished such binding activity in a dose-dependent
manner, which was not the case with the MALTOSE-BINDING
PROTEIN (MBP) (Figure S2A). Moreover, competition experi-
ments with cold DNA probes showed that this binding activity
requires an intact TCP-binding element (Figure S2A).
To extent this result to the promoter of cell-cycle genes, we
next selected TCP-binding related motifs within the 2 kb pro-
moter of CYCA2;3, CYCB1;1, PCNA2, and RBR1 (Figure 3A).
For each promoter fragment tested by EMSA, the presence
of RGA decreased the DNA-binding capacity of TCP14 (Fig-
ure 3B). Additional evidence for such a sequestration mecha-
nism was obtained by chromatin immunoprecipitation (ChIP)assays using a pTCP14:TCP14-GFP transgenic line (Fig-
ure 3C). After immunoprecipitation of protein-DNA com-
plexes from inflorescences using an antibody against the
GFP epitope (Figures 3D and 3E), enriched DNA sequences
were amplified by quantitative PCR (qPCR) using primers
that annealed near the TCP-binding elements present in the
CYCA2;3 and CYCB1;1 promoters. To confirm the specificity
of the GFP antibody, we also amplified a coding DNA fragment
ofCYCB1;1 as a negative control. Interaction of TCP14 with its
target gene promoters was clearly reduced in inflorescences
accumulating the DELLAs (after PAC treatment) in comparison
with GA-treated inflorescences (Figure 3C). Hence, this result
emphasizes the role of DELLAs in blocking TCP14 DNA-bind-
ing activity in vivo.
To explore the significance of theses interactions on the
transcriptional activity of the class I TCP factors, we tested
whether RGA can affect the transcriptional function of
TCP14. To do this, we performed transient expression assays
in Nicotiana benthamiana leaves, using a pCYCB1;1:GUS
construct as a reporter for TCP14 transcriptional activity.
Whereas the expression of TCP14 resulted in a 4.7-fold induc-
tion of CYCB1;1 reporter activity, expression of TCP14-SRDX
(TCP14 fused with the plant-specific repression domain
SRDX, [41]) nearly abolished GUS reporter gene expression,
providing evidence for a positive regulatory activity of this
factor (Figure S2B). More importantly, coexpression of RGA
and TCP14 significantly altered CYCB1;1 expression, demon-
strating that RGA-TCP14 interaction suppresses TCP14 tran-
scriptional activity.
To evaluate the number of cell-cycle genes directly regu-
lated by the class I TCP-DELLA protein complexes, we defined
the consensus DNA-binding motif for class I TCP factors.
To this end, we compiled all motif sequences tested in our
study and those identified by Viola et al. [33] and Franco-
Zorrilla et al. [42], and based on the degree of sequence
Figure 4. tcp14 tcp15 amiR-tcp8/22 Mutants
Exhibit Dwarfism and Reduced Responsiveness
to GA
(A) Representative 6-week-old wild-type (Col),
tcp14-4 tcp15-3, and tcp14-4 tcp15-3 amiR-
tcp8/22 (lines 2.4 and 27) plants.
(B) Mean6 SD relative plant height of 9-week-old
wild-type (Col), tcp14-4 tcp15-3, and tcp14-4
tcp15-3 amiR-tcp8/22 mutant plants treated
twice per week after bolting with 100 mM GA3
(blue) or 10 mM PAC (red), expressed as percent-
age of nontreated plants.
(C) Relative expression levels of CYCA2;3,
CYCB1;1, PCNA2, and RBR1 genes in dissected
inflorescence shoot apices of 5-week-old wild-
type (Col), tcp14-4 tcp15-3, and tcp14-4 tcp15-3
amiR-tcp8/22 mutant plants treated twice per
week after bolting with 100 mM GA3 (green) or
10 mM PAC (red) and controls (mock; blue). Data
are means 6 SD of three replicates. *p % 0.05
for treated plants versus untreated (Mock) plants
by Student’s t test. Similar results were obtained
in three independent experiments.
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consensus motif (KHGGGVC) (Figure S2C). Using the
Promomer program (http://bbc.botany.utoronto.ca/ntools/
cgi-bin/BAR_Promomer.cgi), we found that 39% of the core
cell-cycle genes (29 of 74 genes) harbored at least one TCP
consensus motif within their 1 kb promoter sequences (Table
S1). Taken together, these in silico analyses suggest that class
I TCP-DELLA protein complexes regulate the expression of a
large set of genes controlling cell-cycle progression [43].
Functional analysis of class I TCP factors revealed that
TCP14 along with its closest homolog TCP15 has a role in
stemelongationbypromotingcell proliferation in inflorescence
shoot apices [44]. Hence, tcp14-4 tcp15-3 double mutants
exhibit significant reduction in plant height [44]. The identifica-
tion of TCP14 and other class I TCP proteins as interactors of
DELLA proteins in shoot apices thus suggests a mechanism
by which GAs could regulate plant height. Since most of the
class I TCP factors are likely to function redundantly [45], we
first determined the expression levels of phylogenetically
related TCPs in dissected inflorescence shoot apices (Figures
S1A and S3A). We found that TCP8, TCP14, and TCP15 tran-
scripts (and to a lesser extent TCP7, TCP21, and TCP22)
were relatively abundant in apical shoots, while TCP11 and
TCP23 transcripts were not detected (Figure S3A). To confirm
this result, we monitored the spatial expression of TCP7,
TCP8, TCP14, TCP15, TCP22, and TCP23 by promoter-GUS
fusion studies (Figure S3B). GUS activities were consistent
with qRT-PCR analyses suggesting that TCP7, TCP8, TCP14,TCP15, TCP21, and TCP22 were func-
tionally redundant in inflorescence shoot
apices [44, 46]. To further substantiate
the function of this set of TCP factors,
we generated a multiple tcp mutant ex-
hibiting reduced TCP8, TCP14, TCP15,
and TCP22 expression. To this end, we
used a strategy based on artificial micro-
RNAs [47]. We aligned TCP8 and TCP22
nucleotide sequences and determined
a 21-nucleotide sequence that shows a
perfect match for the two genes using
Web MicroRNA Designer (http://wmd3.weigelworld.org). We used the miR319a precursor as a back-
bone for amiR-tcp8/22 expression under the control of the
CaMV 35S promoter, and we introgressed the transgene into
tcp14-4 tcp15-3 double mutant plants. We selected two
independent tcp14 tcp15 amiR-tcp8/22 transgenic lines for
amiR-tcp8/22 expression (lines 2.4 and 27; Figure S3C), and
both displayed a strong reduction in the accumulation of
TCP8, TCP14, TCP15, and TCP22 transcripts (Figure S3D).
Phenotypic analysis revealed that tcp14 tcp15 amiR-tcp8/22
mutant plants were shorter than tcp14 tcp15 double mutants,
thus confirming that TCP8, TCP14, TCP15, and TCP22 play
redundant roles in regulating plant height (Figure 4A).
We next investigated the effects of GA and PAC treatments
on the growth of tcp14-4 tcp15-3 and tcp14 tcp15 amiR-tcp8/
22 mutant plants. Consistent with the model in which GA
signaling regulates growth via its effect on class I TCP factors,
the progressive lack of TCP activity in tcpmutants reduced the
sensitivity of the plants to GA and PAC (Figure 4B). Finally, to
validate the negative role of the DELLAs in TCP transcriptional
activity, we determined the expression levels of CYCA2;3,
CYCB1;1, PCNA2, and RBR1 in dissected inflorescence shoot
apices of wild-type, tcp14-4 tcp15-3, and tcp14 tcp15 amiR-
tcp8/22 mutant plants treated with GA or PAC. Treatment
with GA had no effect, most likely because GA levels are not
limiting in apical shoots. However, treatment with PAC
reduced the expression levels of all four genes in the wild-
type and in double tcp mutants (Figure 4C). By contrast,
CYCA2;3, CYCB1;1, PCNA2, and RBR1 expression were less
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providing direct evidence that DELLAs negatively regulate the
expression of cell-cycle genes in inflorescence shoot apices
by repressing the transcriptional activity of TCP8, TCP14,
TCP15, and TCP22 proteins. It is noteworthy that although
TCP14 and TCP15 enhance cell proliferation in inflorescence
shoot apices and in the embryo during seed germination [44,
48], they have also been reported to decrease cell proliferation
in developing leaves, suggesting that the influence of class I
TCPs on cell proliferation is context dependent [39, 40, 44, 45].
Discussion
Plant height is one of the most important agronomic traits,
affecting both crop yield and quality. Among all hormones,
GAs play a major role in regulating stem or internode elonga-
tion and thus have been an obvious focus for improving crop
performance via both conventional breeding and genetic engi-
neering [1]. In deepwater rice, for example, GAs promote inter-
node elongation by increasing both the rate of cell production
in the intercalary meristems and the expansion of cells in the
internodal elongation zone [24]. Although it was known that
DELLAs repress the growth-promoting effects of GAs by inter-
acting with key regulatory proteins [2], the molecular mecha-
nism by which DELLAs repress cell proliferation driving plant
growth remained unclear. Collectively, our data support a pos-
itive function of the class I TCP factors in GA-mediated control
of plant height. Hence, we showed in Arabidopsis that GAI and
RGA, the two most abundant DELLAs in inflorescence shoot
apices, interact with the TCP DNA-binding motif of class I
TCPs, likely sequestering these factors into inactive com-
plexes unable to bind target gene promoters. By doing so,
DELLAs repress the expression of a number of core cell-cycle
genes controlling cell division. These results raise the possibil-
ity that GA signaling may also regulate other aspects of plant
development, such as the differentiation of lateral organs
[3, 49, 50], in a TCP-dependent manner.
It is noteworthy that DELLA proteins interact and repress
other growth-promoting transcription factors, such as PIFs,
involved mainly in the control of cell elongation [20, 21]. The
relative contributions of TCPs versus PIFs in plant height regu-
lation might however differ from one plant species to another,
and they remain to be further investigated. Nevertheless,
considering that GA levels peak at the transition zone between
the division and the expansion zone, as shown in maize leaves
[51], it is possible that GAs regulate plant height bymodulating
both TCP andPIF transcriptional activity at the boundary of the
differentiation zone of the growing stem.
Moreover,plantsadjust their finalheight to theprevailingenvi-
ronmental conditions by increasing or decreasing their growth
rate in response to external and internal signals. Interestingly,
GAs have been reported to play critical role in that regulatory
mechanism [52]. Recent advances have revealed that environ-
mental stresses repress bioactive GA levels, resulting in the
accumulation of DELLAs, which in turn are responsible for
mitotic exit [53]. Therefore, GA-regulated DELLA-TCP interac-
tionscouldprovideaflexiblemechanismenablingplants toopti-
mize their growth rate in response to changing environments.
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